Abstract. We present an unquenched quark model calculation of the mass shifts of ground-state octet and decuplet baryons due to the coupling to the meson-baryon continuum. The qq pair-creation effects are taken explicitly into account through a microscopic, QCD-inspired, quark-antiquark pair-creation mechanism. 
Introduction
Many studies investigate hadron properties within the quark model (QM). The QM [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14] can reproduce the behavior of observables such as the spectrum and the magnetic moments, but it neglects paircreation effects, which are manifest as the coupling to meson-baryon (meson-meson) channels. Above threshold, this coupling leads to strong decays; below threshold, it leads to virtual−qq (qq−qq) components in the hadron wave function and shifts of the physical mass with respect to the bare mass [15, 16, 17, 18, 19, 20, 21, 22, 23, 24] . Some interesting examples of the importance of continuum (or sea) components in the calculation of baryon and meson observables include the self-energy corrections to the X(3872) [25, 26, 27] and D * s0 (2317) [29, 28] bare meson masses, which reconcile QM predictions with the experimental data, and the unquenched quark model calculation of the flavor asymmetry of the nucleon sea [30] .
Nevertheless, the inclusion of continuum effects in the QM in a systematic way is not an easy task to carry out. In particular, in the baryon sector it is more difficult to do than in the meson one. Attempts to include continuum effects in the calculation of baryon mass splittings started in Send offprint requests to:
a Corresponding author santopinto@ge.infn.it the 80's with the work by Törnqvist and collaborators [15, 22] . Isgur and collaborators showed that the QM emerges as the adiabatic limit of the flux-tube model [31] ; they also proved that the effects of sea pairs on the linear confining potential between a quark and an antiquark is just a renormalization of the string tension [32] .
The self-energy corrections were studied by Horacsek et al. [16] . They calculated the baryon self-energies within a non relativistic Quark Model, considering pion-quark coupling only. Specifically, they examined how the selfenergies vary among the ground states of the baryon octet and decuplet, and also from ground to excited states. Brack and Bhaduri [18] computed the pionic self-energy contributions to the N and ∆ masses perturbatively within the non relativistic QM. However, we shall show that a complete Pseudo-Nambu-Goldstone boson set should be taken into account.
Silvestre-Brac and Gignoux [19] studied unitary effects in spin-orbit splittings of P -wave baryons. The authors observed that threshold effects can play an important role for the spin-orbit interaction in baryons and that, if these effects are treated correctly, they are capable of explaining the order and importance of spin-orbit splittings in L = 1 baryons and also partial and total widths. Törnqvist and Zenczykowski [15] studied the hadronic mass shifts of the lightest baryons generated by coupled channel ef-fects. Assuming the different contributions from different thresholds to be related by SU(6) symmetry, they derived mass formulas for the relative splittings between ∆ − N , Σ * − Σ − Λ and Ξ * − Ξ baryons. A similar study was carried out by Capstick and Morel [21] , using a pair-creation model for the vertices and CapstickIsgur model for the bare masses [4] . Specifically, they studied the ∆ − N mass splittings and those of nonstrange P -wave baryons.
The aim of this article is to present a calculation of the self-energies of ground state octet and decuplet baryons within the unquenched quark model (UQM) [27, 30, 33, 34, 35, 36] . The UQM is systematic way to include continuum (or loop) effects in the QM. These loop corrections are computed considering all accessible ground-state (1S) octet and decuplet baryons and a complete set of PseudoNambu-Goldstone bosons. This is the first step towards a systematic unquenched quark model calculation of the strange and nonstrange baryon spectra with self-energy corrections [37] . After some preliminary studies [15, 16, 17, 18, 19, 20, 21] , several authors have recognized the complexity and importance of this task, which has not been fulfilled yet.
Formalism

Self-energies and continuum components
We consider the Hamiltonian
where H 0 is the "unperturbed" part, acting only in the bare baryon space, while the second part, V , can couple a baryon state to a continuum made up of baryon-meson intermediate states.
We consider H 0 free from unitary effects, which are entirely due to V . In potential model calculations, one considers a certain Hamiltonian H 0 and, by fitting the model parameters to the experimental data, one is able to predict the "bare" spectrum of the model. The bare spectrum is that calculated without continuum effects, namely considering interactions between constituent (valence) quarks only [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12] . As widely discussed in the literature, continuum effects may be extremely important, especially in the description of states close to open-flavor (and, sometimes, also hidden-flavor) decay thresholds.
Given this, the physical mass of a baryon, M a , can be written as
where E a is the bare mass and
the self-energy correction. In Eq. (3), one has to sum over a complete set of baryon-meson intermediate states, |BC . These channels, with relative momentum q between B and C, have quantum numbers J bc and ℓ coupled to the total angular momentum of the initial state |A . V a,bc stands for the coupling between the intermediate state |BC and the unperturbed wave function of baryon A. E bc = E b + E c is the total energy of the channel BC, calculated in the rest frame. This is the formalism used in the present study. Several choices for V are possible. Ours is that of the unquenched quark model of Refs. [27, 33, 34] . Here, the potential V , responsible for the creation ofpairs, is the 3 P 0 model pair-creation operator, T † .
An unquenched quark model for baryons
In the unquenched quark model [27, 30, 33, 34, 35, 36] , the effects of quark-antiquark pairs are introduced explicitly into the quark model through a QCD-inspired 3 P 0 paircreation mechanism [38] . This approach, which is a generalization of the unitarized quark model by Törnqvist and Zenczykowski [15] (see also Ref. [31] ) is based on a QM, to whichpairs with vacuum quantum numbers are added as a perturbation and where the pair-creation mechanism is inserted at the quark level.
Under these assumptions, the baryon wave function is made up of a zeroth order |configuration plus a sum over the possible higher Fock components, due to the creation of 3 P 0pairs. To leading order in pair-creation, one has
where A is the baryon, B and C represent the intermediate state baryon and meson, M a , E b = M 2 b + q 2 and E c = M 2 c + q 2 are the corresponding energies, q and ℓ the relative radial momentum and orbital angular momentum between B and C, and J = J b + J c + ℓ the total angular momentum. The baryon and meson wave functions depend on a single oscillator parameter which, following [31] , is taken to be ω baryon = 0.32 GeV for the baryons and ω meson = 0.40 GeV for the mesons.
The
3 P 0 quark-antiquark pair-creation operator, T † , is given by [27, 30, 33, 34, 35, 36] T † = −3 γ eff 0 dp 4 dp 5 dP ω δ(
where b † 4 (p 4 ) and d † 5 (p 5 ) are the creation operators for a quark and an antiquark with momenta p 4 and p 5 , respectively. The function Γ (P ω ) represent the flux tube overlap factor, see App. B, that was introduce by Kokoski and Isgur [39] . Thepair is characterized by a color singlet wave function, C 45 , a flavor singlet wave function, F 45 , a spin triplet wave function with spin S = 1, χ 45 , and a solid spherical harmonic, Y 1 (p 4 − p 5 ), which indicates that the quark and antiquark are in a relative P -wave. Since the operator T † creates a pair of constituent quarks with an effective size, the pair-creation point has to be smeared out by a Gaussian factor, α d . γ eff 0 is an effective pair-creation strength [27, 33, 34, 40] , defined as
with i = n (i.e. u or d) or s (see Table 1 ). In a recent study [42] , we discussed the correct treatment of γ 
γ eff 0 has then to be fitted to the experimental data, so that a value of γ 0 can be extracted. The values of the 3 P 0 paircreation model parameters are reported in Table 1 . They were taken from the literature [30, 36, 41] , except for the value of the pair-creation strength γ eff 0 , that was fitted to the strong decay width Γ ∆ ++ →pπ + . See App. A for more details.
In this paper, we use the operator of Eq. (5) to compute the 3 P 0 vertices BCq ℓJ| T † |A , used in the calculation of baryon strong decays and self-energy corrections. Thus, V a,bc (q) = ℓJ BCq ℓJ| T † |A . The matrix elements of the pair-creation operator T † are derived in explicit form in the harmonic oscillator basis as in Ref. [42] , using standard Jacobi coordinates.
3 Self-energy calculation
Mass shifts in the UQM
Following the formalism of Sec. 2, we calculate the mass shifts due to continuum effects in the UQM for baryons of Refs. [30, 35, 36] . The procedure is the same as in Ref. [33] .
The mass shifts are calculated via Eqs. (2.1), taking the bare energies as free parameters fitted to the reproduction of baryon physical masses. If the physical mass of the initial baryon A is above the threshold BC, i.e. M a > E b + M c , the self energy contribution due to the baryon-meson channel BC is computed as
where the symbol P indicates the Cauchy principal value of the integral, that is calculated numerically, and the second term, 2πi
is the imaginary part of the self energy. The self-energies Σ(E a ), calculated with the 3 P 0 model parameters of Table 1 , are reported in Table 2 .
The values of the intermediate state baryon and meson masses are taken from the PDG [43] . In Tables 3-7, we show the contributions to the self-energies of groundstate octet and decuplet baryons from the baryon-meson channels we considered in our calculations.
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Discussion of the results
We provided the results of a self-consistent calculation of the self-energies of octet and decuplet baryons within the unquenched quark model. In the unquenched quark model formalism of Refs. [27, 30, 33, 34, 35, 36] , the effects ofsea pairs are introduced explicitly into the QM through a QCD-inspired 3 P 0 pair-creation mechanism with some modifications. They include: the use of a quark form factor, as already done by many authors, like Törnqvist and Zenczykowski [15] , Silvestre-Brac and Gignoux [19] and Geiger and Isgur [31, 32] , the introduction of an effective pair-creation strength γ eff 0 [27, 33, 34, 40, 42] , and also fluxtube overlap effects [41] .
It is interesting to compare our results to those of previous calculations. In particular, in Table 8 we compare our results with pion and Nambu-Golstone bosons loops with a those of Ref. [16] . There, the authors only considered pion-quark interaction with a Gaussian form factor with standard deviation Λ π = 516 fm, which is equivalent to α d = 0.9 fm; as a consequence, they got smaller results for the self-energies, but also a smaller ∆ − N mass splitting. To complete the discussion, in Table 9 we provide a comparison between our ∆ − N mass splitting result with those from Refs. [16, 18] . In our case, the ∆ − N mass splitting goes from 301 MeV, when only pion loops are included, to 165 MeV, when all the Pseudo-NambuGoldstone bosons are included. Table 9 . ∆ − N mass splitting. In the second column, only pion loops are included. In the third column, all the loops due to Pseudo-Nambu-Goldstone bosons are included. Our results are compared to those by Horacsek et al. (HIN) [16] and Brack and Bhaduri (BB) [18] . Table 3 . Mass shifts (in MeV) of ∆ Table 1 . The self-energies, we studied in this paper, arise from the coupling to the baryon-meson continuum in the UQM. Neglected in naive QM's, these loop effects provide an indication of the quality of the quenched approximation used in QM's calculations, in which only valence quarks are taken into account. It is thus worthwhile to see what happens when these pair-creation effects are introduced into the quark model. Therefore, we could say that these kind of studies can also be seen as inspections of the QM, of its power in predicting the properties of hadrons and of its range of applicability: if the departure from QM's results is important, one can see new physics emerging or better extra degrees of freedom.
Baryon UQM UQM (π loops) HIN
It has been shown in the meson sector that continuum coupling effects may also be particularly important in the case of suspected nonstates, such as the X(3872) [44] . The uncommon properties of this resonance are due to its proximity to the DD * decay threshold and can be explained neither within a standard quark-antiquark picture for mesons nor in a simple molecular model. In Ref. [27] , it is shown that the continuum coupling effects of the X(3872) can give rise to DD * and D * D * components in addition to the cc core and determine a downward energy shift, which is necessary to obtain a better reproduction of the experimental data. In other words, while far from thresholds loop effects can be partially re-absorbed into a new set of renormalized parameters for the potential [27, 41] , this is not possible for those states that lie close to a meson-meson decay threshold. There are also suspected nonbaryons, like the Λ * (1405), which may deserve an inspection within the UQM formalism.
A Parameters of the 3 P 0 pair-creation model
The values of the 3 P 0 pair-creation model parameters are taken from the literature [30, 35, 36, 41] , except for the value of the pair-creation strength γ eff 0 (see Table 1 ), that has to be fitted to the reproduction of experimental strong decay widths. We have chosen to fit γ eff 0 to the experimental strong decay width ∆ ++ → pπ + [43] . In this case, since the created pairis dd, the effective pair creation strength γ eff 0 coincides with γ 0 [see Eq. (6)]. The decay width is calculated within the 3 P 0 model [19, 42, 45] as
where BCq 0 ℓJ| T † |A is a 3 P 0 amplitude, describing the coupling between the baryon |A = |∆ ++ and the final state |BC = |pπ + , and
is Capstick and Roberts' effective phase space factor [45] , whereM b =M p = 1.1 GeV andM c =M π = 0.72 GeV are the masses of the hadrons B and C in the weak-binding limit.
B Flux-tube breaking model
Finally, the function Γ (P w ) indicates the flux-tube overlap function in the momentum space, that describes the overlap of the flux-tube of the initial particle with those of the final ones. This mechanism was originally developed by Kokoski and Isgur for string-like meson decays in Ref. [39] as an extension of the 3 P 0 model of hadron decays [38] (see also Refs. [41, 46, 47] ). In the flux-tube breaking model, it is assumed that the flux-tube breaking takes place at a distance y = r 4 − (r 1 + r 2 + r 3 )/3 = −x− 3 2 λ from the center of mass of the initial baryon A (see figure  1) . The modification of the transition amplitude consists in the addition of a flux-tube overlap function γ(y) which, just as for the mesons, is taken to be a Gaussian
in coordinate space, and its Fourier transform Γ (P ω ) is the flux-tube overlap in momentum space
with P ω the canonic conjugate coordinate to the vector y.
Note, that the Gaussian form is similar, but the coordinates are different to those used by Stancu-Stassart [48] and Geiger-Isgur [31, 32] . The UQM contains the 3 P 0 transition amplitude, it is written in terms of a spherical basis, but it can be easily expressed in a plane-wave basis by the change of the variables δ(p B + p C ) (2π) 3/2 dp ρ dp λ dP ω
in momentum space, with
B.1 Pair creation vertex
Finally, the smearing of the pair creation vertex can be included in momentum space by adding an exponential factor to give
δ(p B + p C ) (2π) 3/2 dp ρ dp λ dP ω 
